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SUMMARY  PAGE 


THE  PROBLEM 

To  determine  the  effects  of  chronic  hypercapnia  on  red  cell 
and  plasma  volume,  for  which  there  is  no  apparent  record  of 
previous  publications  on  the  conduct  of  similar  research. 

FINDINGS 

Red  cell  volume  and  plasma  volume  were  measured  simulta¬ 
neously  in  guinea  pigs  exposed  to  15%  CO2  using  chromium"^! 
tagged  red  cells  and  iodinated  human  albumin  (1^25)^ 
volume  was  found  to  increase  during  the  uncompensated  phase 
and  to  a  greater  extent  during  the  compensated  phase  of  respir¬ 
atory  acidosis  while  the  plasma  volume  did  not  change  signifi¬ 
cantly. 

APPLICATION 

These  findings  are  of  importance  to  environmental  scientists 
and  submarine  medical  officers  who  deal  with  CO2  toxicity  prob¬ 
lems  in  closed  spaces.  Submarines  are  not  as  a  rule  exposed  to 
the  high  concentrations  of  CO2  as  that  used  as  a  stressor  mech¬ 
anism  in  these  experiments.  There  are  however  possibilities  of 
CO2  absorber  temporary  breakdowns  in  which  the  phenomena 
discussed  in  this  report  may  be  pertinent  to  the  medical  officer. 
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This  investigation  was  conducted  as  a  part  of  Bureau  of 
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for  publication  on  24  November  1969  and  designated  as  SubMedRes 
Lab  Report  No.  604, 
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ABSTRACT 


Blood  volume  in  guinea  pigs,  estimated  on  the  basis  of  simul¬ 
taneous  measurement  of  red  cell  volume  using  chromium-51 
tagged  red  cells  and  plasma  volume  with  iodinated  human  albumin 
(1-125),  was  found  to  be  more  accurate  than  blood  volume  data 
calculated  from  separate  determinations  of  red  cell  volume 
(chromium-51)  and  plasma  volume  (1-131).  In  chronic  hyper¬ 
capnia  total  blood  and  cell  volume  was  found  to  increase  during 
the  uncompensated  phase  and  increase  to  a  greater  extent  during 
the  compensated  phase,  while  the  plasma  volume  did  not  change 
significantly.  The  first  rise  was  attributed  to  the  release  of  blood 
stores  from  the  spleen  and  liver  while  the  later  rise  was  attrib¬ 
uted  to  an  increased  rate  of  erythropoiesis. 
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EFFECTS  OF  CHRONIC  HYPERCAPNIA  ON  BLOOD  VOLUME, 
PLASMA  VOLUME  AND  RED  CELL  VOLUME 
IN  RELATION  TO  THE  SUBMARINE  ENVIRONMENT 


INTRODUCTION 

It  is  considered  a  basic  premise  that 
long-term  exposure  to  submersion  in  a 
submarine  will  result  in  chronically 
elevated  CO2  exposure.  The  concentra¬ 
tions  of  CO2  used  in  these  hypercapnia 
experiments  are  far  greater  than  those 
normally  found  in  a  submarine,  but 
were  useful  in  delineating  certain 
changes  due  to  possible  maximum  ex¬ 
posure.  The  effects  of  chronic  hyper¬ 
capnia  on  circulating  blood  volume  and 
actual  blood  volume  in  organs  and 
tissues  have  not  been  reported,  to  our 
knowledge.  The  longest  exposure  to 
CO2  in  which  measurements  of  cir¬ 
culating  blood  volume  were  published, 
so  far,  was  carried  out  by  Dagher, 
Pannossian  and  Fuleihan  (1968)  who 
failed  to  demonstrate  changes  in 
anesthetized  dogs  exposed  to  5%  CO2 
for  four  hours.  However,  acute  effects 
of  carbon  dioxide  on  vascular  resist¬ 
ance*  and  blood  flow  are  well  docu¬ 
mented  (Richardson,  Wasserman  and 
Patterson,  1960;  Cooper,  1962;  and 
Bygdeman,  1963). 

There  is  general  agreement  that  the 
effects  of  hypercapnia  on  most  vas¬ 
culature  beds  is  reflex  in  nature,  that 
is  eliciting  (1)  an  arterial  and  venous 


*The  resistance  to  flow  in  a  vascular  bed  is  ex¬ 
pressed  as  the  ratio  between  arterial  pressure  and  blood 
flow  through  the  bed.  One  unit  of  peripheral  resistance  = 
I  mm  HgU  ml  per  mm  Green  et  al.  (1944) 


constrictive  response  mediated  through 
the  central  nervous  system,  (2)  through 
epinephrine  discharge  of  the  adrenals, 
and  (3)  a  local  vasodilatory  response 
due  to  elevated  arterial  Pf^Qg.  The 

conditions  under  which  one  response 
predominates  over  the  other  have  not 
been  definitely  established.  However, 
it  appears  that  in  most  tissues  it  is  de¬ 
pendent  upon  the  level  of  Pco2 

duration  of  the  induced  h57percapnia. 

The  higher  the  Pco2  longer 

the  duration,  the  greater  the  vasodil¬ 
atory  response.  Also,  the  type  of  re¬ 
sponse  is  apparently  determined  to 
some  extent  by  the  size  of  the  vascular 
bed  in  a  particular  tissue.  The  larger 
the  vascular  bed,  presumably  the 
greater  the  blood  volume,  with  the 
consequent  exposure  to  higher  concen¬ 
trations  of  circulatory  catecholamines 
which  elicit  a  vasoconstrictive  re¬ 
sponse. 

To  make  any  direct  correlation  be¬ 
tween  the  blood  content  of  a  given  tis¬ 
sue  and  blood  flow  and/or  vascular 
resistance  would  be  tenuous  at  best. 
However,  since  hypercapnia  does 
produce  marked  changes  on  the  blood 
flow  and  vascular  resistance  in  various 
organs  and  tissues,  an  effect  on  the 
total  blood  content  would  not  be  unex¬ 
pected.  For  if  a  tissue  or  organ  is 
better  perfused  in  blood  flow  con¬ 
comitant  with  a  vasodilation,  the  re¬ 
sult  would  be  an  increase  in  total 
blood  content  of  a  sample  of  that 
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tissue  or  organ  taken  at  a  given 
time. 

It  has  been  known  for  a  long  time 
that  an  increase  in  carbon  dioxide 
tension  or  a  fall  in  pH  causes  an  in¬ 
crease  in  relative  red  cell  volume 
(Henderson,  et  al.  1924;  Joffe  and 
Poulton,  1922)  and  Jackson  and  Nutt 
(1954).  These  observations  were 
based  on  in  vitro  experiments  with  the 
use  of  rather  large  CO2  tensions, 
ranging  up  to  700  mm  Hg  in  the  case 
of  Jackson  and  Nutt  (1954).  In  vivo 
experiments  of  increased  CO2  on 
relative  cell  volume  have  not  been 
reported,  to  our  knowledge.  Further¬ 
more,  the  average  CO2  tension  in  our 
experiments  was  123  mm  Hg,  a  level 
at  which  CO2  does  not  appear  to  in¬ 
fluence  significantly  the  relative  red 
cell  volume. 

A  detailed  study  on  the  effects  of 
vasoconstrictor  substances  during 
respiratory  acidosis  in  the  cat  has 
been  done  by  Bygdeman  (1963)  which 
might  have  a  bearii^  on  the  effects 
produced  by  h5rpercapnia.  He  demon¬ 
strated  a  decrease  in  the  systemic 
blood  pressure  responses  to  injected 
noradrenaline  correlated  with  the  de¬ 
gree  of  acidosis  and  also  a  decrease  in 
vascular  reactivity  to  perfused 
noradrenaline  in  the  unskinned  leg, 
the  kidney,  and  skinned  leg.  The 
vasoconstrictive  effect  of  adrenaline 
and  noradrenaline  has  been  shown  to 
be  diminished  during  hypoventilation 
in  normal  cats,  (Duzar  and  Fritz, 
1959);  and  Duner  and  Euler,  1959)  and 
in  apneic  dogs  (Nahas,  Ligou,  and 
Mehlman,  1960). 


MATERIALS 

Male  guinea  pigs  of  the  Hartley  strain 
weighing  between  350  and  600  grams 
were  obtained  from  a  commercial 
source.  The  animals  were  daily 
checked  for  any  disease  or  deformities 
by  a  resident  veterinarian  and  only 
those  which  showed  an  increase  in  body 
weight  and  no  observable  signs  of  in¬ 
fection  were  used  in  experiments. 

Animals  were  exposed  to  15%  CO2 
in  air  (21%  oxygen)  for  varying  lengths 
of  time  in  a  plexiglass  chamber  rigged 
with  food  and  water  facilities.  The 
gases  used  were  obtained  commercially 
and  analyzed  with  a  Scholander  appara¬ 
tus.  The  CO2  concentration  in  the 
chamber  was  continuously  monitored 
with  a  Beckman  infrared  CO2  analyzer 
and  the  oxygen  concentration  inter¬ 
mittently  with  a  Beckman  O2  analyzer. 
With  these  instruments  the  CO2  con¬ 
centration  was  held  at  15  +  0.5%  and 
the  oxygen  at  21  +  1%.  The  chamber 
was  installed  in  an  air  conditioned  room 
which  maintained  the  ambient  chamber 
temperature  at  24  +  2°  C.  Air  within 
the  chamber  was  continuously  circu¬ 
lated  through  silica  gel  containers  by 
means  of  a  closed  circuit  system. 
Another  closed  circuit  system, 
within  the  chamber,  was  equipped 
with  boric  acid  containers  to  re¬ 
move  ammonia  vapor.  These  sys¬ 
tems  maintained  the  environmental 
humidity  at  65-75%.  The  exposure 
chamber  was  opened  daily  for  a 
short  time  (2-3  minutes)  for  the 
removal  of  urine  and  feces  and 
the  replenishment  of  food  and 
water. 
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The  lack  of  any  accessible  super¬ 
ficial  veins  in  the  guinea  pig  necessi¬ 
tated  a  venial  cut  down  for  the  injection 
of  radio-biological  materials.  The 
vein  chosen  was  the  external  jugular, 
which  is  easily  exposed  with  only  a 
small  longitudinal  incision  approxi¬ 
mately  2  centimeters  (cm)  from  the 
midline  at  the  base  of  the  mandible 
beneath  the  foramen  magnum.  The 
animals  on  which  total  blood,  plasma, 
and  red  cell  volume  determinations 
were  done  were  not  sutured  because  of 
the  short  time  period  before  sampling. 
There  was  essentially  no  bleeding 
from  incisions.  All  blood  samples 
were  taken  via  cardiac  puncture. 

All  surgical  procedures,  includ¬ 
ing  cardiac  punctures,  were  carried 


out  under  pentobarbital  anesthesia 
given  interperitoneally  at  a  dose  level 
of  26  milligrams  (mg)  per  Kg  within 
3-5  minutes.  All  of  the  animals 
recovered  within  3-4  hours,  ap¬ 
parently  without  ill  effects  at  this 
dose  level.  Animals  undergoing 
continuous  exposure  to  carbon  dioxide 
were  only  momentarily  exposed  to 
air  while  administering  the  anesthetic 
and  briefly  (30  seconds  -  1  minute) 
for  the  cardiac  puncture.  Those 
animals  on  which  the  jugular  vein 
was  surgically  exposed  for  injection 
of  radio-biological  materials  were 
in  an  air  environment  for  a  somewhat 
longer  period  of  time,  approximately 
1-3  minutes,  and  immediately  returned 
to  the  chamber  until  the  injected  ma¬ 
terials  attained  dilution  equilibrium. 


PART  I;  COMPARISON  OF  METHODS  FOR  MEASUREMENT  OF  TOTAL 
BLOOD  VOLUME,  RED  CELL,  AND  PLASMA  VOLUME 


Total  Blood  Volume  and  Plasma 
Volume  Determination  by  Albumen 
Tagged  with  1-131 

Human  serum  albumin  tagged  with 
1-131  was  obtained  from  Squibb 
Pharmaceuticals  (containing  50-65  mg 
protein  per  ml  with  a  specific  activity 
of  approximately  lO/tc  per  ml).  The 
commercially  obtained  solution  of 
tagged  albumin  was  diluted  with  normal 
saline  (0.  9%  NaCl)  to  a  final  concen¬ 
tration  of  2-5  micro-curies  per  ml. 

For  small  animals,  as  used  in  these 
experiments,  this  range  of  specific 
activity  is  more  than  adequate  to  obtain 
high  counts  in  small  samples  with  good 
efficiencies  (Everett,  Simmonds  and 
Lasher,  1956;  Dewey  and  Hunter,  1960; 


Ormond  and  Rivera-Velez,  1965).  The 
pH  of  the  solution  was  adjusted  to  7.41 
with  concentrated  hydrochloric  acid, 
which  is  the  pH  of  guinea  pig  blood 
drawn  from  the  abdominal  aorta 

(Schaefer,  McCabe,  and  Withers, 

1968).  A  volume  of  0.  5  mis  of  the 
tagged  albumin  solution  was  injected 
into  the  surgically  exposed  jugular  vein 
under  light  pentobarbital  anesthesia, 
as  described  above.  The  injection 
procedure  took  approximately  30 
seconds,  using  a  plastic  tuberculin 
syringe  and  a  number  25  gauge  needle. 
The  syringe  was  fitted  with  a  holder 
device  to  standardize  the  injected 
volume.  The  holder  device  facilitated 
the  injection  of  the  desired  volume  with 
less  than  one  percent  error.  Reeve  and 
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Frank  (1956)  reported  the  progressive 
absorption  of  radio-active  iodinated 
albumin  in  dilute  solution  on  glassware 
which  was  of  a  magnitude  that  could 
significantly  alter  the  volume  deter¬ 
minations.  However,  the  use  of  the 
plastic  tuberculin  syringe  avoids  this 
possible  technical  error.  Six  washings 
of  the  syringe  with  dichromic  acid 
solution  always  yielded  less  than  1 
percent  of  the  initial  activity.  To 
further  reduce  the  possibility  of  error, 
the  same  syringe,  with  thorough  wash¬ 
ings  in  between,  was  used  to  determine 
the  volume  of  standard  1-131  albumin 
solution,  injected  solution  and  the  one 
ml  sample  drawn  via  cardiac  puncture. 
Triplicate  samples  drawn  from  the 
heart  in  this  method  showed  good 
agreement  with  one  another  (+  1  per¬ 
cent).  Although  no  significant  amount 
of  1-131  albumin  absorption  could  be 
detected,  in  the  plastic  syringe,  care 
was  taken  to  fill  the  syringe  just  prior 
to  injection  and  to  prepare  the  standard 
at  the  same  time.  A  minimum  time  of 
15  minutes  was  allowed  for  dilution 
(Fig.  1,  Table  I). 

All  whole  blood  samples  and  plasma 
samples  were  taken  in  duplicate  and 
counted  three  times  for  a  minimum  of 
10,000  counts  on  a  Picker  Spectrascaler 
II  well-type  gamma  counter  set  at  0.354 
MeV  (window  width  20).  Samples  were 
always  counted  in  a  final  volume  of  one 
ml  in  disposable  capped  plastic  tubes. 
The  tagged  human  albumin  prepared  by 
Squibb  Pharmaceuticals  has  approxi¬ 
mately  one  atom  of  1-131  incorporated 
into  the  tyrosin  moiety  of  each  albumin 
molecule. 


I  Dilution  Curves  Red  Ce/is  Tagged  with  CrSf  and  Plasma  Albumin 


Fig.  I.  Dilution  curves  red  cells  tagged  with 
Cr^^  and  plasma  albumin  tagged  with 
jI3I 


Calculations 

The  calculation  of  total  blood  volume 
and  plasma  volume  are  simple  dilution 
problems  (Gibson,  et  al. ,  1946): 

(a)  plasma  volume  (ml)  = 

cpm  injected  per  ml  - 
plasma  cpm  per  ml  - 

background  cpm 
background  cpm 


(b)  total  blood  volume  (mis)  = 

cpm  injected  - 
cpm  whole  blood  - 

background  cpm 
background  cpm 
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(c)  Indirect  determination  of  red  cell 
volume  according  to  Whipple, 
Hooper,  and  Robscheit  (1920). 

H 

c 

CV,_  =  PV  - 

h  X 

1  -  H 

c 


where  CV,  =  cell  volume 
h 

PV  =  distribution  of  plasma 
label  (nl) 

H  =  the  central  hematocrit 

Q 

corrected  for  trapped 
plasma 


TABLE  I 

DILUTION  CURVES  FOR  Cr^^  TAGGED  RED  BLOOD  CELLS 
AND  ll31  tagged  SERUM  ALBUMIN  IN  GUINEA  PIGS 


(Expressed  as  the  ratio  of  cpm  ml~^  sample 
at  "x"  time  to  cpm  ml"^  at  15  min.  and  Standard  Error) 


Time  in  minutes 

Cr^^  Tagged  R.B.C. 

1 

I  Tagged  albumin* 

0 

10.15+2.14 

11.09+3.50 

2 

1.22+0.17 

3.34+2.16 

5 

1.13+0.07 

2.21+1.68 

10 

1.03+0.05 

0.97H).28 

15 

(1) 

(1) 

20 

— 

0.  99+0. 08 

30 

1.05+0.03 

0.98j5).04 

45 

0.  99+0.  08 

0.89+0.06 

60 

0.96+  .07 

0.84+  .07 

*  ll25  ^][jjujjjin  gives  comparable  results.  There  are  at  least  5 
animals  at  each  time  point.  Expressed  as  the  ratio  to  15  min. 
(time  used  for  sampling)  to  normalize  differences  in  cpm  injected, 
body  weight,  and  blood  volumes. 


Determination  of  Total  Blood,  Red 

Cell  and  Plasma  Volume  by  Cr-51 
Tagged  Red  Blood  Cells 

The  tagging  of  erythrocytes  was 
accomplished  with  modification  of  the 
methods  of  Gray  and  Sterling  (1950)  and 
Cooper  and  Owen  (1956).  Blood  was 
drawn  from  a  guinea  pig  via  cardiac 
puncture  using  Strumia  Citrate-Dex¬ 
trose  solution  as  an  anticoagulant.  The 
Strumia  or  ACD  solution  as  described 
by  Strumia  (1954)  consists  of  2.55 
grams  disodium  citrate;  0.80  grams 
citric  acid;  1.20  grams  dextrose;  and 
water  to  make  100  mis.  The  whole 
blood  was  immediately  added  to  an 
equal  volume  of  ACD  solution.  After 
gently  mixing  for  a  minute,  an  amount 
of  Na2CR5l04  was  added  to  equal  20 
microcuries  per  ml  of  whole  blood. 

The  mixture  was  incubated  at  room 
temperature  with  gentle  mixing  on  a 
Yankee  Variable  Speed  Rotator.  After 
45  minutes  of  incubation,  ascorbic  acid 
(1  mg  per  ml)  was  added  and  the  mix¬ 
ture  allowed  to  shake  gently  another 
five  minutes.  The  ascorbic  acid  re¬ 
duces  the  hexavalent  chromium  ion  to 
its  trivalent  form.  The  mixture  was 
centrifuged  for  15  minutes  at  3,  000 
r.p.m.  and  the  plasma  and  ACD  solu¬ 
tion  removed  by  careful  aspiration. 

The  tagged  red  cells  were  carefully 
washed  three  times  with  sterile  saline. 
Table  n  shows  a  typical  labeling  ex¬ 
periment  demonstratir^  the  efficiency 
of  labeling  and  of  the  wash  procedure. 
The  efficiency  of  labeling  in  six  ex¬ 
periments  was  91  +  2.4%  with  a  range 
of  85%  to  95%.  The  last  wash  always 
contained  less  than  one  percent  of  the 
initial  activity.  The  packed  red  cells 
were  reconstituted  to  the  original  whole 
blood  volume  with  sterile  saline.  One 


TABLE  n 


EXAMPLE  OF  THE  EFFICIENCY  OF 
LABELING  AND  WASH  PROCEDURE 


Sample  Source 

Percent  of  Original 
Cr51 

Plasma 

10.  0* 

l^t  wash 

1.6 

2*^*^  wash 

0.18 

3^^  wash 

0.  09 

♦Range  of  labeling  efficiency  70-95 
percent. 

ml  of  the  reconstituted  blood  was  in¬ 
jected  and  sampled  as  described  for  the 
1-131  tagged  albumin.  Duplicate  whole 
blood  samples  were  counted  in  a  one 
ml  volume  three  times  for  a  minimum 
of  15  minutes  or  10,  000  counts  on  a 
Picker  Spectrascaler  II  set  at  0.320 
MeV  (window  width  of  70).  Actual  red 
cell  determinations  were  made  after 
carefully  washing  the  cells  three  times 
with  saline. 


The  range  of  chromium  metal  con¬ 
centration  used  in  these  experiments 
ranged  from  0.  04  to  0.  09  g  (micro¬ 
gram)  per  ml  blood.  Since  the  guinea 
pigs  are  of  a  highly  inbred  strain,  no 
immunological  response  was  anticipated 
from  the  red  cells  obtained  from  one 
animal  and  injected  into  another  and 
none  could  be  detected  by  monitoring 
of  the  body  temperature.  The  blood 
used  was  always  fresh.  The  minimum 
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circulation  time  allowed  was  the  same 
as  the  tagged  albumin  15  minutes  (Fig. 
1,  Table  II). 

Calculation  of  red  cell  volume,  total 
blood  volume  and  indirect  estimation  of 
plasma  volume  by  CR-51: 

(a)  Total  blood  volume  (ml)  = 

cpm  per  ml  of  injected  material 
cpm  per  ml  of  sample 

(b)  Red  cell  volume  (ml)  = 

cpm  per  ml  of  red  cells  injected 
cpm  per  ml  of  red  cells  in  sample 

(c)  Plasma  volume  (ml)  = 

total  blood  volume  x  (1-micro¬ 
hematocrit) 


Combined  Method  of  Blood  Volume 
Determination  by  Cr-51  Tagged 
Red  Blood  Cells  and  1-125 
Tagged  Albumin 

The  use  of  1-125  tagged  human 
albumin  (Squibb  Pharmaceuticals) 
containing  approximately  10  mg  of 
protein  and  a  specific  activity  of  .  05 
me  per  ml.  with  a  gamma  radiation 
energy  at  35.4  kev.  facilitates  the 
simultaneous  estimation  of  plasma 
volume  and  red  cell  volume  tagged 
with  Cr-51,  since  the  Cr-51  has  a 
gamma  radiation  energy  of  0.270  MeV. 
(See  Fig.  2). 


I  SAkMA  HAOIATION  SKCTPfJU 


CtOS  0100  0200  0500  0.400  0900  0  600  0.700 


Fig.  2.  Gamma  radiation  spectrum 

The  red  blood  cells  were  prepared 
as  previously  described  and  suspended 
in  an  equal  volume  of  1-125  tagged  al¬ 
bumin  solution.  One  ml.  of  this  sus¬ 
pension  containing  approximately  10-20 
jucof  CR-51  and  5  pc  of  1-125  was  injected 
via  the  surgically  exposed  jugular  vein 
as  previously  described.  The  dilution 
time  was  the  same  for  tagged  1-125  al¬ 
bumin  as  with  1-131  tagged  albumin. 

The  two  differently  tagged  human  al¬ 
bumins  also  gave  identical. volume 
estimations  (see  Table  HI). 

As  demonstrated  by  Figures  3  and  4, 
there  was  essentially  no  interference 
from  either  Cr-51  in  varying  concen¬ 
trations  in  the  iodine-125  counting 
window  (MeV.  .  050)  or  1-125  in  vary¬ 
ing  concentrations  in  the  chromium-51 
counting  window  (MeV.  0.320-window 
width  70),  throughout  the  activity 
ranges  used  in  these  experiments. 

Iodine-125  emits  X-rays  and  gamma 
rays  with  radiation  energies  of  27. 5 
kev.  and  35.4  kev.,  respectively.  The 
half-life  iodine-125  is  considered  to  be 
57.4  days. 
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TABLE  m 


COMPARISON  OF  1-125  AND  1-131  TAGGED  ALBUMIN  METHODS 


Total  Blood  Volume 

Method 

(mis  Kg  Body  Weight) 

S.E. 

No.  of  Animals 

1-125 

86:84 

+3:68 

13 

1-131 

86.20 

+4.98 

23 

Fig.  3,  C.PM.  in  presence  of 


Fig.  4.  C.P.M.  in  presence  of  Cr^^ 


All  samples  were  taken  in  duplicate 
and  counted  three  times  for  a  minimum 
of  10,  000  counts  in  a  one  ml.  volume 
with  a  Picker  Spectrascaler  II. 

Calculations  of  Total  Blood  Volume; 
Red  Cell  Volume;  Plasma  Volume; 

and  Whole  Body  Hematocrit  by 
Combined  Use  of  Cr-51  and  1-125 


(a)  Red  Cell  Volume  (ml)  = 

cpm  RBC  per  ml.  injected 
cpm  RBC  per  ml.  sample 

(b)  Plasma  Volume  (ml)  = 

cpm  per  ml.  plasma  injected 
cpm  per  ml.  plasma  sample 

(c)  Total  Blood  Volume  (ml)  -  Red  cell 
volume  +  plasma  volume 

(d)  Whole  Body  Hematocrit  = 

Red  cell  volume 

-  X  100 

Red  cell  +  plasma  volume 
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TRAPPED  PLASMA 
DETERMINATIONS 

Trapped  plasma  was  determined 
from  whole  blood  sample  which  had 
been  labeled  with  1-131  tagged  albumin. 
One  ml  samples  were  centrifuged  at 
10,  000  r.p.m.  for  one  hour.  The 
plasma  was  carefully  and  scrupulously 
removed  and  assessed.  This  value, 
plus  the  values  obtained  from  three 
washings  of  the  packed  red  cell  volume, 
was  taken  as  100  percent.  That  per¬ 
centage  of  the  assayed  1-131  remaining 
in  the  red  cell  column  was  taken  as 
trapped  plasma  (Klement,  Ayen,  and 
McIntyre,  1954). 

Calculations: 

Trapped  plasma  =  1  - 

cpm  per  volume  cells 
cpm  per  volume  plasma 

The  amount  of  plasma  trapped  in  the 
red  cell  column  during  centrifugation 
for  one  hour  at  10,  000  g  was  deter¬ 
mined.  The  mean  percent  of  plasma 
was  5.76  +  1.10  in  eleven  one-mi. 
blood  samples  from  normal  guinea 
pigs.  This  value  falls  well  within  the 
range  of  trapped  plasma  determinations 
reported  by  other  investigators:  2.0  to 
8.5  percent  (Chaplin  and  Ross,  1942; 
Mayerson,  etal.,  1948;  Chaplin  and 
Mollison,  1952;  Hlad  and  Holmes,  1953; 
and  Gregersen  and  Rawson,  1959). 

MICRO  -  HE  MATO  CRIT 
DETERMINATIONS 

Micro-hematocrits  were  determined 
in  triplicate  on  each  animal  from  blood 


drawn  via  cardiac  puncture.  The  blood 
was  drawn  in  heparinized  capillary 
tubes  (maximum  taper  0.  025  mm  in  75 
mm  -  A.  H.  Thomas  Co.)  and  centri¬ 
fuged  for  10  minutes  at  10,  000  r.p.m. 
The  readings  were  obtained  with  an 
International  Micro -capillary  Reader 
and  did  not  include  the  buffy  coat 
(mostly  white  blood  cells).  The  micro¬ 
hematocrits  were  corrected  for  trapped 
plasma  and  for  whole  body  hematocrit 
according  to  Chaplin,  Mollison  and 
Vetter,  (1953)  and  Dewey,  (1960)  for 
use  in  the  indirect  estimation  of  plasma 
or  red  cell  volume. 

Calculation 

Whole  body  hematocrit  = 

micro-hematocrits  x  0.96  x  0.91 

RESULTS  OF  METHODOLOGY 

Table  I  and  Figure  1  demonstrate 
that  the  dilution  equilibrium  time  for 
red  cells  tagged  with  chromium -51  is 
essentially  completed  in  two  minutes 
or  less  and  that  there  is  no  significant 
change  between  10  and  60  minutes. 

The  results  of  the  time  dilution  curves 
are  expressed  as  the  ratio  of  the  counts 
per  minute  (c.p.m.)  per  ml.  of  whole 
blood  to  the  c.p.m.  per  ml.  of  the  15 
minute  sample,  to  normalize  any  dif¬ 
ferences  in  the  c.p.m.  injected,  the 
body  weights,  and  blood  volumes  be¬ 
tween  the  different  animals.  These 
data  are  in  agreement  with  the  results 
of  Pareira,  Serkes,  and  Lang  (1960). 
They  found  that  the  distribution  space 
using  chromium-51  tagged  red  cells 
was  essentially  unchanged  at  15,  30, 
and  60  minutes  in  normal  rats. 
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Figure  1  gives  the  time  dilution 
curve  for  red  cells  tagged  with 
chromium-51  in  animals  of  approx¬ 
imately  the  same  body  weight  and  blood 
volume  given  the  same  specific  activity 
of  chromium-51. 

The  results  of  the  iodinated  albumin 
time  concentration  curve  are  also  given 
in  Table  I  and  Figure  1.  Approximately 
10  minutes  was  required  for  iodinated 
albumin  (1-125  and  1-131)  to  reach  dilu¬ 
tion  equilibrium.  This  time  compares 
well  with  the  average  value  of  9  minutes 
reported  as  the  dilution  equilibrium 
time  of  1-131  albumin  in  man  (Pritchard, 
Moir,  and  Maclnt3rre,  1955). 


The  results  of  determination  of  total 
blood,  red  cell,  and  plasma  volumes  by 
the  use  of  chromium-51  tagged  red 
cells,  iodinated  human  albumin  (1-125) 
and  by  simultaneous  estimation  of  red 
cell  and  plasma  volume  in  the  same  un¬ 
treated  guinea  pigs  are  presented  in 
Table  IV.  The  value  obtained  by  the 
sum  of  the  whole  blood  components, 
red  cell  volume,  and  plasma  volume  is 
referred  to  as  the  actual  determination. 
This  value  more  accurately  reflects  an 
estimation  of  blood  volume  than  either 
method  alone  (Brown,  Hopper  and 
Wennesland,  1957;  Gregersen  and 
Rawson,  1959;  and  Mayerson,  1965). 
The  estimation  of  total  blood  volume  by 


TABLE  IV 

TOTAL  BLOOD  VOLUME;  RED  CELL  VOLUME;  PLASMA  VOLUME; 
AND  HEMATOCRIT  BY  Cr51;  ll25  AND  COMBINED  ACTUAL 
DETERMINATION  BY  Cr^l  AND  1^25  in  THE  SAME 
13  UNTREATED  GUINEA  PIGS.  MEAN  VALUES 
EXPRESSED  AS  mis  Kg  BODY  WEIGHT"! 

(+  STANDARD  ERROR). 


TOTAL  BLOOD 

RED  CELL 

PLASMA 

METHOD 

VOLUME 

VOLUME 

VOLUME 

HEMATOCRIT 

Cr51  +  Il25 
(combined) 

74.21+2.67 

30.87+1.06 

43.86+2.86 

41.59+1.49 

Cr51 

59.81+1.78 

22.19j<).68 

37.62+2.23 

37.10+1.57 

percent 
difference 
from  actual 

2oi 

281 

14 1 

jl25 

86.83+3.60 

32.40+1.27 

54.43+1.80 

37.31+1.82 

percent 
difference 
from  actual 

17 1 

19  1 
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the  chromium-51  method,  which  re¬ 
flects  the  dilution  of  tagged  red  cells 
throughout  the  er5rthroc5rte  space  within 
the  circulatory  system,  gave  a  value  of 
59.  81  +  1.78  mis  per  Kg  of  body 
weight.  This  value  was  20  percent 
lower  than  the  value  obtained  by  the 
actual  determination,  74.21  +  2.67 
mis  per  Kg  of  body  weight.  Converse¬ 
ly,  the  estimation  of  total  blood  volume 
by  1-125  tagged  human  albumin,  which 
reflects  the  plasma  circulatory  space, 
over-estimated  the  blood  volume  by  17 
percent  in  comparison  to  the  actual 
determination.  The  percent  differences 
from  the  actual  determination  of  cell 
and  plasma  volume  by  either  method 
alone  demonstrated  more  erratic 
changes,  which  can  in  part  be  attributed 
to  the  numerous  errors  encountered  in 
the  use  of  peripheral  micro-hematocrits 
from  which  they  are  determined. 

DISCUSSION 

Methods  of  Blood,  Red  Cell,  and 
Plasma  Determination 

The  methods  of  blood  volume  deter¬ 
mination  have  long  been  a  subject  of 
controversy  (Mayerson  et  al. ,  1948; 
Sjostrand,  1953;  Brown,  Hopper  and 
Wennesland,  1957;  Gregerson,  1959; 
and  Mayerson,  1965).  The  reasons  for 
the  widespread  and  often  heated  con¬ 
troversy  stem  primarily  from  technical 
errors  which  are  intrinsic  to  all 
methods  and  from  misinterpretation  of 
physiological  phenomena. 

The  validity  of  any  dilution  method 
employed  for  the  determination  of  blood 
volume  can  be  assessed  in  relation  to 
three  general  sources  of  error-.  (1)  the 


accuracy  with  which  the  concentration 
of  the  test  material  can  be  determined 
in  blood;  (2)  the  recognition  of  the 
effects  of  uneven  distribution  of  plasma 
and  cells  within  the  total  circulation; 
and  (3)  the  correct  interpretations  of 
the  time  concentration  curve  of  the 
test  material. 

The  use  of  isotopes  with  a  high 
specific  activity  does  give  an  accurate 
means  of  determining  the  concentration 
in  the  blood  (Fine  and  Seligman,  1944; 
Peacock  et  al. ,  1946;  and  Gray  and 
Sterling,  1950).  While  the  determina¬ 
tion  of  both  blood  compartments 
minimizes  the  error  introduced  by 
local  variations  in  red  cell  and  plasma 
distribution,  which  can  be  considerable 
(Allen  and  Reeve,  1953;  Reeve  et  al. , 
1953,  Everett,  Simmons  and  Lasher, 
1956;  Friedman,  1959;  Dewey,  1960; 
and  Remington  and  Baker,  1961). 
Furthermore,  the  simultaneous  de¬ 
termination  of  red  cell  and  plasma 
volume,  independently,  avoids  the  use 
of  the  unreliable  peripheral  hematocrit, 
which  is  not  comparable  to  the  whole 
body  hematocrit,  for  indirect  determi¬ 
nation  of  cell  or  blood  volume 
(Malassez,  1874;  Chaplin  and  Ross. 
1942,  Gibson  et  al.,  1946;  Chaplin  and 
Mollison,  1952;  Gray  and  Frank,  1953; 
Hlad  and  Holmes,  1953;  and  Berman, 
Carr  and  Malone,  1964). 

A  correct  interpretation  of  the  time 
concentration  curve  is  dependent  upon 
a  knowledge  of  the  behavior  of  test 
material  in  vivo  and  the  physiological 
state  of  the  organism.  The  biological 
half-life  of  labeled  protein  or  cells , 
extravascular  exchange  or  loss,  rates 
of  elution,  degree  of  sequestration, 
anesthesia,  physical  well-being,  are 
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but  a  few  factors  known  to  affect  the 
time  concentration  curve  (Berlin, 
Lawrence  and  Gartland,  1950;  Read, 
1954;  Groom,  Morris  and  Rowlands, 
1957;  Friedman,  1957;  Dewey,  1959; 
and  Dewey  and  Hunter,  1960). 

The  method  described  here  employs 
the  simultaneous  use  of  chromium-51 
for  determination  of  red  cell  volume 
and  of  iodine-125  tagged  human  serum 
albumin  for  determination  of  the  plasma 
volume.  The  total  blood  volume  being 
the  sum  of  these  two  independent 
measurements . 

Chromium-51  and  iodine-125  both 
emit  gamma  rays;  however,  their 
gamma- radiation  energy  peaks  are  at 
0. 270 and  0.  0354  MeV.  (million  electron 


volts)  respectively,  and  are  effectively 
excluded  from  one  another  in  counting. 

Data  obtained  on  blood  volume,  red 
cell  volume  and  plasma  volume  of 
guinea  pigs  in  these  studies  agree  well 
with  values  reported  in  the  literature, 
as  shown  in  Table  V. 

NOTE;  During  the  preparation  of 
this  manuscript,  the  work  of 
Grable  and  Williams  (1969)  came 
to  our  attention.  These  authors 
reported  the  simultaneous  use  of 
CR-51  and  1-125  for  the  deter¬ 
mination  of  red  cell  and  plasma 
volumes,  respectively,  in  an  ex¬ 
perimental  design  similar  to  the 
one  described  here. 


TABLE  V 

COMPARISON  OF  DATA  OF  BLOOD,  RED  CELL,  AND  PLASMA 
VOLUME  REPORTED  FOR  GUINEA  PIGS  IN  RECENT  LITERATURE 


Blood  Volume 
ml  Kg bd.  wt~^ 

Red  Cell 
Volume 
ml  Kgbd.  wt'^ 

Plasma 

Volume 

mlKgbd.wt“^ 

Method 
ml  Kgbd.  wt~^ 

Reference 

75.3+7.1  (13) 

39.1+3.7  (13) 

Il31 

Masouredis  and 
Melcher  (1951) 

72.0+3.1  (18) 

38.6+2.8  (18) 

Evans  blue 

Ancill  (1955) 

72-78 

31-33 

36-45 

Evans  blue 

Constable  (1963) 

74.21+2.69(13) 

30.87+1.09  (13) 

43.86+2.86  (13) 

Cr^l  & i125 

Baker  (1969) 
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PART  II;  EFFECT  OF  CHRONIC  HYPERCAPNIA  ON  TOTAL 
BLOOD  VOLUME,  RED  CELL  VOLUME,  AND  PLASMA  VOLUME 


RESULTS 

Data  on  blood  volumes  obtained  in 
two  series  of  experiments  with  chronic 
hypercapnia  using  chromium-51, 
iodine- 131  and  iodine -12 5  are  given 
in  Tables  VI  and  VH. 

Blood  volume  determined  by  the 
chromium-51  method  in  33  control 
animals  of  the  first  series  was  found 
to  average  64. 43  ml/kg  body  weight 
which  is  somewhat  higher  than  values 
obtained  with  the  same  method  in  13 
animals  during  the  second  experiment 
(59.8  ml/kg);  however,  the  differences 
are  not  statistically  significant. 

Blood  volume  measurements  on 
control  animals  using  iodine-131  in  the 
first  series  and  1-125  in  the  second 
series  were  in  excellent  agreement 
(Table  VII). 

Table  VIII  shows  the  results  of  the 
combined  determination  of  red  cell  and 
plasma  volume  using  chromium-51  and 
1-125  in  the  second  series  of  experi¬ 
ments  . 

These  data  are  used  for  the  evalua¬ 
tion  of  hypercapnic  effects  on  blood 
volume.  There  is  a  significant  rise  in 
total  blood  volume  at  one  hour,  three 
days  and  seven  days  of  exposure  to 
15%  CO2  with  a  return  to  control  levels 
after  one  day  recovery  on  air  following 
six  days  of  exposure  to  CO2. 

Table  IX  demonstrates  that  the  in¬ 
creased  blood  volume,  seen  during 


chronic  hypercapnia,  is  due  to  the  in¬ 
crease  in  red  cell  volume.  There  was 
no  significant  change  in  the  plasma 
volume  throughout  the  exposure  period. 
A  slight  tendency  for  the  plasma  volume 
to  increase  above  the  control  (8.7  per¬ 
cent)  was  observed  after  one  hour.  Red 
cell  volume  rose  13.6  percent  after  one 
hour  of  exposure  to  15  percent  carbon 
dioxide  and  at  three  days  exposure 
showed  an  increase  of  45.  9  percent.  In 
animals  exposed  for  six  days  and  then 
allowed  a  one-day  recovery  on  air,  the 
red  cell  volume  dropped  to  slightly  less 
than  the  control  value. 

In  Table  X  whole  body  hematocrit 
values  obtained  by  measurements  of  red 
cell  volume  and  plasma  volumes  are 
compared  with  microhematocrit  values. 
A  significant  increase  in  whole  body 
hematocrit  was  found  after  three  and 
seven  days  exposure  to  15%  CO2  cor¬ 
responding  to  the  rise  in  red  cell 
volume.  Correlation  factors  for  con¬ 
version  of  microhematocrit  to  whole 
body  hematocrit  are  listed  in  Table  XI. 
The  effects  of  prolonged  exposure  of 
guinea  pigs  to  15%  CO2  on  reticulocytes 
is  shown  in  Table  XII. 


DISCUSSION 

Effects  of  Chronic  Hypercapnia  on 
Blood  Volume 

To  interpret  the  results  of  studies  on 
the  effect  of  chronic  hypercapnia  on 
blood  volume,  it  is  necessary  to  know 
the  time  course  of  the  two  important 
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EFFECT  OF  CHRONIC  HYPERCAPNIA  ON  TOTAL  BLOOD  VOLUME  OF  GUINEA  PIGS  ESTIMATED  BY 
SIMULTANEOUS  DETERMINATIONS  OF  RED  CELL  AND  PLASMA  VOLUMES  (ml  Kg  BODY  WEIGHT-1) 
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RED  CELL  AND  PLASMA  VOLUME  DETERMINED  BY  Cr^l  AND  ll25  RESPECTIVELY, 
IN  GUINEA  PIGS  DURING  CHRONIC  HYPERCAPNIA 
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Probability:  Student's  "T"  test  as  compared  to  control,  not  given  unless  statistically  significant 
at  the  0. 05  level. 


HEMATOCRITS:  WHOLE  BODY  BY  ACTUAL  DETERMINATION  OF  RED  BLOOD  CELL  AND  PLASMA  VOLT 
COMPARED  TO  MICROHEMATOCRITS  IN  THE  SAME  GUINEA  PIGS  DURING  CHRONIC  HYPERCAPNIA 


8 


TABLE  XII 


EFFECT  OF  CHRONIC  HYPERCAPNIA  (15%  COg  in  21%  Og) 
ON  SIMULTANEOUSLY  OBTAINED  MEASUREMENTS  OF 
MICROHEMATOCRITS  AND  RETICULOCYTES 


Hematocrit 

Reticulocytes 
thousands  per  cu  mm 

Condition 

Control 

Mean 

40.6 

17.1 

S.E.M. 

.  6 

1.4 

N 

10 

10 

15%  CO2 

1  Hour 

Mean 

39.0 

22.2 

S.E.M. 

1.4 

2.7 

N 

5 

5 

6  Hours 

Mean 

41.4 

54.2* 

S.E.M. 

1.1 

2.7 

N 

6 

5 

1  Day 

Mean 

41.8 

34.3* 

S.E.M. 

1.1 

3.2 

N 

6 

6 

3  Days 

Mean 

36.8 

49.2* 

S.E.M. 

1.8 

5.8 

N 

6 

6 

7  Days 

Mean 

35.2* 

24.0 

S.E.M. 

1.9 

5.6 

N 

6 

6 

*Differences  from  controls  statistically  significant  at  the 

2%  level  and  better. 
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parameters  of  acid  base  balance  blood 
pH  and  ^C02,  which  have  been  shown 
to  vary  independently  from  each  other 
in  chronic  respiratory  acidosis  and 
affect  physiological  functions  in  a 
specific  way  (Schaefer,  1961a,  1961b). 

pH  and  ^€©2  of  whole  blood  of 
guinea  pigs  exposed  to  the  same  condi¬ 
tions  (15%  CO2  and  21%  O2)  for  pro¬ 
longed  periods  of  time  was  measured 
in  separate  investigations  (Schaefer, 
Messier  and  Morgan,  1969).  The  re¬ 
sults  are  used  here  in  the  discussion  to 
delineate  the  unspecific  pH  effects  from 
specific  effects  of  increased  CO2 
tension.  The  pH  fell  from  a  control 
level  of  7.37  to  7. 02  and  7. 01  at  one 
hour  and  one  day  respectively.  From 
then  on,  compensatory  mechanisms 
began  to  take  effect,  the  pH  rose  to 
7.11  at  three  days  and  7.225  at  seven 
days. 

The  time  course  of  the  pH  changes 
during  prolonged  exposure  to  15  percent 
CO2  clearly  displays  the  two  phases  of 
uncompensated  and  compensated  respir¬ 
atory  acidosis.  The  exact  time  at 
which  compensation  is  completed  is 
difficult  to  determine  because  the  pH  is 
still  rising  at  seven  days.  However, 
for  practical  purposes,  the  respiratory 
acidosis  induced  by  exposure  to  15 
percent  CO2  has  been  considered  to  be 
compensated  after  three  days,  since  at 
that  time  the  organ  changes  (lung  func¬ 
tions)  and  stress  response  produced  by 
the  respiratory  acidosis  have  subsided 
(Schaefer,  Avery  and  Bensch,  1964; 
Schaefer,  McCabe  and  Withers,  1968). 

In  contrast  to  the  biphasic  changes 
of  the  pH,  the  ^C02  remains  at  the 
elevated  level  of  about  123  mm  Hg 


attained  during  the  first  hour  of  ex¬ 
posure. 

The  increase  in  blood  volume  ob¬ 
served  throughout  the  exposure  to  15 
percent  CO2  was  statistically  significant 
with  the  exception  of  the  data  obtained 
at  one  day,  where  the  rise  in  blood 
volume  was  less  than  at  one  hour.  The 
same  changes  were  noted  in  the  red  cell 
volume  while  plasma  volume  did  show  a 
tendency  to  rise  without  reaching  signif¬ 
icant  proportions.  At  one  day  recovery 
on  air  following  six  days  exposure  to  15 
percent  CO2,  blood  volume,  red  cell 
volume  and  plasma  volume  returned 
promptly  to  normal  levels. 

The  slight  decrease  in  blood  volume 
and  red  cell  volume  observed  at  one  day 
separated  a  smaller  peak  at  one  hour 
from  the  much  higher  peak  at  three 
days  following  which  there  is  another 
decline  (Tables  VIH  and  IX). 

The  stress  response  to  15  percent 
CO21  consisting  of  epinephrine  dis¬ 
charge  and  associated  spleen  contrac¬ 
tion,  was  found  to  be  limited  to  the 
uncompensated  phase  of  respiratory 
acidosis  and  subsided  by  three  days 
(Schaefer,  McCabe  and  Withers,  1968). 
Since  the  spleen  is  known  to  function 
as  a  blood  store  which  can  accommo¬ 
date,  according  to  Barcroft  (1934)  in 
many  animals  about  16  percent  of  the 
blood  volume,  which  is  released  in 
response  to  accumulation  of  CO2  or 
epinephrine  discharge,  the  observed 
increase  of  10.5  percent  in  blood 
volume  and  13.6  percent  in  red  cell 
volume  after  one  hour  of  exposure, 
could  be  accounted  for  by  the  release 
of  blood  stores.  However,  the  blood 
volume  increase  of  20  percent  and  red 


20 


cell  volume  rise  of  46  percent  after 
three  days  exposure  to  15  percent  CO2 
are  larger  than  the  capacity  of  the 
spleen  blood  store,  and  furthermore, 
the  spleen  has  returned  at  this  time  to 
the  control  levels  of  weight  indicating 
that  the  contraction  has  subsided 
(Schaefer,  McCabe  and  Withers,  1968). 
The  increase  in  blood  volume  demon¬ 
strated  at  the  third  and  seventh  day  of 
exposure  must,  therefore,  have  a  dif¬ 
ferent  cause.  An  increasing  effect  of 
elevated  ^C02  on  the  relative  cell 
volume  has  been  widely  demonstrated 
in  vitro;  however,  assuming  the  ^€©2 
increase  seen  here  does  have  an  effect, 
it  would  be  less  than  one  percent  as 
calculated  from  the  data  of  Jackson  and 
Nutt  (1954).  Furthermore,  the  error 
would  be  introduced  only  in  those  calcu¬ 
lations  envolving  the  microhematocrit. 

The  degree  of  the  augmentation  of 
red  cell  volume  after  three  days  sug¬ 
gests  the  operation  of  an  erythropoietic 
stimulation.  This  hypothesis  is  sup¬ 
ported  by  findings  showing  a  marked 
increase  in  reticulocytes  of  guinea  pigs 
exposed  to  15%  CO2  (Table  XII). 

Another  factor  which  could  contrib¬ 
ute  to  a  stimulation  of  erythropoiesis 
in  hypercapnia  is  the  increased 
hemolysis,  which  was  regularly  ob¬ 
served  during  exposure  of  guinea  pigs 
to  15%  CO2. 

Hypercapnia,  induced  by  breathing 
6.8  percent  carbon  dioxide  in  air,  in¬ 
creases  the  formation  of  carbon 
monoxide  (Malstrom  and  Sjostrand, 
1953).  This  report  is  in  agreement 
with  in  vitro  studies  where  carbon 
monoxide  formation  increased  when 
the  pH  of  blood  was  shifted  in  the  acid 


direction  (Sjostrand,  1953).  There  ap¬ 
pears  to  be  a  parallelism  between  the 
formation  of  carbon  monoxide  and  the 
intra vital  breakdown  of  hemoglobin. 

The  fact  that  hemoglobin  is  to  some 
extent  broken  down  in  the  circulating 
blood,  necessitates  the  presence  of 
circulating  stroma  or  ghosts  (hemolyzed 
erythrocytes  minus  the  hemoglobin). 
Blood  autohemolysates  injected  into 
anemic  dogs  accelerated  their  recov¬ 
ery,  increasing  the  circulating  hemo¬ 
globin  by  60.7  percent  (De  La  Cabadz, 
Labardini,  and  Sanchez-Medal,  1963). 
The  concept  of  a  feedback  control  of 
erythropoiesis  by  the  breakdown  pro¬ 
ducts  of  red  blood  cells  is  not  new.  It 
has  been  shown  that  the  heme  fraction 
elicited  an  erythropoietic  response 
when  injected  into  fasted,  dehydrated 
rats  (Brown  Altschuler,  and  Cooper 
(1963).  Recently,  it  has  been  demon¬ 
strated  that  the  stroma  of  erythrocytes 
and  reticulocytes  reinjected  into  rabbits 
enhanced  the  incorporation  of 
methionine  S-35  into  the  proteins  by 
more  than  50  percent.  The  stroma 
of  erythrocytes  and  reticulocytes  also 
enhanced  the  incorporation  of  P-32 
into  the  nuclear  fraction  of  bone  mar¬ 
row  ribonucleic  acid  (RNA)  by  77 
percent  and  134  percent,  respectively. 
Furthermore,  the  erythrocyte  stroma 
increased  the  synthesis  of  ribosomal 
(RNA)  by  500  percent  (Bezrukov,  1968). 

Available  evidence  of  a  marked  in¬ 
crease  in  reticulocytes  and  observa¬ 
tions  of  an  increased  CO2  induced 
hemolysis  support  the  notion  of  an 
erythropoietic  stimulation  in  chronic 
hypercapnia.  However,  it  is  not 
possible  to  distinguish  between  a  direct 
effect  of  hypercapnia  on  increased  red 
cell  production  or  an  indirect  effect 
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through  the  accelerated  destruction  of 
erythroc3rtes,  with  their  catabolic  pro¬ 
ducts  being  the  erythropoietic  stimu¬ 
lant. 

It  can  be  concluded  that  the  smaller 
Increase  in  red  cell  volume  observed 
during  the  uncompensated  phase  of 
respiratory  acidosis  is  related  to  the 
pH  dependent  epinephrine  discharge 
which  causes  together  with  the  in¬ 
creased  CO2  level  in  the  blood  a  dis¬ 
charge  of  the  blood  stores.  The  larger 
subsequent  increase  in  red  cell  volume 
must  be  related  to  an  erythropoietic 
stimulation. 

The  changes  in  total  blood  volume 
and  red  cell  volume  observed  under 
chronic  hypercapnia  may  be  pre¬ 
dominantly  related  to  pH  effects  al¬ 
though  it  is  not  possible  to  clearly 
separate  the  effects  of  increased  CO2 
tension. 

Peripheral  versus  Whole  Body 
Hematocrit 

The  discrepancy  between  peripheral 
and  whole  body  hematocrit  is  a  well 
established  fact  (Gibson  et  al. ,  1946; 
Reeve  et  al. ,  1953;  Rapaport  et  al. , 
1956;  and  Gregersen  and  Rawson, 

1959).  A  constant  relationship  between 
peripherial  and  whole  body  hematocrit 
has  been  shown  to  exist  and  correction 
factors  have  been  calculated  to  convert 
peripheral  to  whole  body  hematocrit  by 
a  number  of  investigators  (Chaplin, 
Mollison  and  Vetter,  1953;  Gregersen 
etal.,  1959;  and  Lawson,  1962).  The 
correction  factor  has  been  reported  to 
range  between  0.89  and  0.94,  in  man, 
between  0.917  and  1.0  in  dogs,  between 
0,739  and  0.986  in  rats,  and  between 


0.73  and  0.88  in  mice  (Lawson,  1962). 
To  our  knowledge,  no  correction  factor 
has  been  reported  for  guinea  pigs.  The 
factor  calculated  for  normal  guinea  pigs 
of  0.  95  is  well  within  the  range  reported 
for  the  rat.  However,  the  use  of  such  a 
standard  correction  factor  during 
altered  physiological  conditions,  as 
noted  here  during  chronic  hypercapnia, 
is  erroneous.  If  the  factor  calculated 
for  the  normal  animal  was  used  to 
convert  peripheral  to  whole  body 
hematocrit  during  chronic  hypercapnia, 
the  value  would  be  in  error  by  15  per¬ 
cent  at  seven  days  exposure,  since  the 
ratio  of  peripheral  to  whole  body 
hematocrit  was  actually  higher  (a  cor¬ 
rection  factor  of  1. 10). 
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